Bordetella pertussis lipopolysaccharide (LPS) contains a single 2-keto-3-deoxy-D-manno-octulosonic acid (Kdo) residue, whereas LPS from Escherichia coli contains at least two. Here we report that B. pertussis waaA encodes an enzyme capable of transferring only a single Kdo during the biosynthesis of LPS and that this activity is sufficient to complement an E. coli waaA mutation.
Bordetella pertussis lipopolysaccharide (LPS) contains a single 2-keto-3-deoxy-D-manno-octulosonic acid (Kdo) residue, whereas LPS from Escherichia coli contains at least two. Here we report that B. pertussis waaA encodes an enzyme capable of transferring only a single Kdo during the biosynthesis of LPS and that this activity is sufficient to complement an E. coli waaA mutation.
Lipopolysaccharide (LPS) is the main constituent of the gram-negative bacterial surface and consists of several domains. All LPS molecules have a lipid A structure that is usually a polyacylated and phosphorylated disaccharide of glucosamine (18) linked to a carbohydrate domain, usually via the eight-carbon sugar 2-keto-3-deoxy-D-manno-octulosonic acid (Kdo). In Escherichia coli, two Kdo molecules are attached in succession to the lipid A precursor lipid IV A before lipid A biosynthesis is completed by the addition of the secondary acyl chains (4, 7, 11 ). The smallest LPS structure possible in viable E. coli appears to be Kdo 2 -lipid A. Mutants defective in the biosynthesis of Kdo precursors or the transfer of Kdo to lipid IV A have been isolated only as conditional mutants that die at nonpermissive temperatures (2, 15, 19, 20) .
The waaA gene (previously designated kdtA in E. coli and gseA in Chlamydia trachomatis) encodes the enzyme that catalyzes the transfer of Kdo to lipid IV A (3, 4, 11) . E. coli WaaA (WaaA Ec ) consists of 425 amino acids and adds two Kdo residues to lipid IV A without significant accumulation of a monoglycosylated intermediate (4) . C. trachomatis WaaA (WaaA Ct ) consists of 431 amino acids and transfers three or more Kdo residues (3). Haemophilus influenzae WaaA (WaaA Hi ) consists of 427 amino acids (12) and transfers only one Kdo (23) . The structural basis for the ability of Kdo transferases to incorporate different numbers of Kdo residues is still unknown. Sequence homology is found for the entire lengths of the different WaaA proteins. Thus, the presence or absence of additional catalytic domains cannot account for the functional differences in Kdo transferase activities.
Bordetella pertussis, the main causative agent of whooping cough in humans (10) , possesses a somewhat unusual LPS molecule which contains a single Kdo linking the core to lipid A (14) . B. pertussis waaA (waaA Bp ) has been preliminarily identified by its product's amino acid sequence homology with other known WaaA proteins (1) . It is downstream of, and probably in an operon with, waaC, which encodes an enzyme that is thought to catalyze the transfer of heptose to Kdo. B. Bacterial strains and plasmids. E. coli MC1061 (9) is the parental strain of E. coli CJB26 and E. coli NEB1 (2), in which chromosomal waaA::kan insertion mutations are covered by waaA Ec on plasmid pJSC2 (containing a temperature-sensitive origin of replication [2] ) and by waaA Ct on pKEM1 (3), respectively. E. coli X711 (5) is a gmhA strain that synthesizes Re-chemotype LPS. E. coli strains were grown on Luria-Bertani (LB) medium at 28, 37, and 42°C. Antibiotics were added in the following final concentrations: kanamycin, 20 g/ml; tetracycline, 30 g/ml; streptomycin, 200 g/ml; ampicillin, 100 g/ml; and chloramphenicol, 10 to 50 g/ml. H. influenzae 722 (21) and B. pertussis BP536 (1) were grown as described previously.
E. coli N2.8C was generated by replacing pKEM1 in NEB1 with pSK2.8C, which was constructed as follows. A 2,794-bp SacI-BglII fragment from the B. pertussis wlb locus containing the intergenic wlb-waaC promoter region, waaC, waaA, and baf was cloned into the SacI-BamHI site in pBluescript SK(ϩ) (Stratagene, Cambridge, United Kingdom) to make pSK2.8. To generate pSK2.8C, the chloramphenicol resistance gene (cam) originally from pACYC184 was used. pACYC184 was digested with AsuII and NheI, the fragment containing cam was purified, and the sticky ends were filled by using Klenow enzyme. This fragment was then cloned into the EcoRV site of pBluescript II. Subsequently, the cam gene was excised with SmaI and HindIII, the sticky end of this fragment was filled by using Klenow enzyme, and the fragment was then cloned into the ScaI site of pSK2.8. The resultant pSK2.8C thus has an inactivated ampicillin resistance gene and a functional cam gene.
Complementation of a waaC mutation in Salmonella by waaC Bp . To confirm that the waaC-waaA region in pSK2.8C is functional in complementation experiments, pSK2.8C was transformed into the Salmonella typhimurium waaC mutant SA1377, which produces LPS of the Re chemotype. LPS from the resultant transformants expressed O antigen, as shown by the restoration of sensitivity to bacteriophage P22 and by silver-stained tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (data not shown). These data indicate that B. pertussis waaC (waaC Bp ) is transcribed from pSK2.8C and is active in complementing the S. typhimurium waaC mutation and that the downstream waaA gene is also probably transcribed from this plasmid.
Complementation of waaA Ec by waaA Bp . To study complementation of waaA Ec ::kan by waaA Bp , plasmid pSK2.8C was transformed (22) into NEB1 and transformants were selected on LB containing chloramphenicol. The maintenance of chloramphenicol selection throughout a series of subcultures was expected to select for pSK2.8C with concomitant loss of pKEM1 due to incompatibility, since both plasmids belong to the same incompatibility group (16) . After a series of such subcultures, seven ampicillin-sensitive, chloramphenicol-resistant colonies were obtained, indicating the loss of pKEM1 and the retention of pSK2.8C. One of these isolates was designated N2.8C. Many rigorous checks, including Southern hybridizations, PCR, and transformation experiments (data not shown), were performed, and all confirmed that the only plasmid in N2.8C was pSK2.8C. This exhaustive series of experiments strongly indicates that pKEM1 had been replaced by pSK2.8C in E. coli N2.8C. This also indicates that the waaA mutation in E. coli CJB26 can be complemented by waaA Bp .
Kdo transferase activity of N2.8C. To ascertain whether the WaaA Bp protein present in N2.8C was monofunctional, Kdo transferase activity in cell extracts was assayed by using thinlayer chromatography as described previously (7) with minor modifications.
Cultures of N2.8C (typically two 125-ml portions) were grown to late-log phase (optical density at 600 nm [OD 600 ] was ϳ1.0 to 1.5) at 28°C and harvested by centrifugation at 1,900 ϫ g for 10 min at 4°C. The cell pellet was then washed with 50 ml of 30 mM HEPES (pH 7.5) containing 2.5 mM EDTA and 1 mM EGTA. The washed cell pellet was resuspended in ϳ2.5 ml of 30 mM HEPES (pH 7.5) containing 1 mM EDTA and 1 mM EGTA. The cells were ruptured by two passages through an ice-cold French pressure cell (SLM Instruments, Urbana, Ill.) at 18,000 lb/in 2 . The unbroken cells were removed by centrifugation at 1,900 ϫ g for 10 min at 4°C, and the supernatant was used in the enzyme assays. All extracts were stored in aliquots at Ϫ80°C. H. influenzae membrane suspensions were prepared as previously described, as was the recombinant E. coli Kdo transferase (24) . Protein concentrations were determined with the bicinchoninic assay (Pierce Chemical Company) with bovine serum albumin as the standard.
The substrates for the reaction, lipid IV A (17) and [4Ј-32 P] lipid IV A (6), were isolated as previously described. To generate CMP-Kdo in situ, reaction mixtures (10 to 20 l) contained 50 mM HEPES (pH 7.5), 2 mM Kdo, 0.1% Triton X-100, 50 M [4Ј-32 P]lipid IV A (3,000 to 6,000 cpm/nmol), 5 mM CTP, 10 mM MgCl 2 , and 1.8 mU of partially purified CMP-Kdo synthase. Kdo transferase assays were initiated by the addition of enzyme or bacterial cell extract and incubated at 30°C. The reactions were terminated by spotting 5 l of the mixtures onto a thin-layer silica plate. The plate was then air dried and developed in chloroform-pyridine-88% formic acid-H 2 O (30: 70:16:10, vol/vol). The solvent was evaporated with a hot air stream, and the plate was exposed to a PhosphorImager screen for 12 to 16 h. The extent of conversion of [4Ј-32 P]lipid IV A to the products of interest was quantified by using a Molecular Dynamics PhosphorImager equipped with the ImageQuant program.
Extracts prepared from strain N2.8C and B. pertussis are capable of converting [4Ј-32 P]lipid IV A to a new, more slowly migrating species (Fig. 1, lanes 4 and 5) that comigrates with the Kdo-lipid IV A produced by H. influenzae membranes (Fig.  1, lane 3) . The reaction product generated by N2.8C extracts also migrates faster than the Kdo 2 -lipid IV A formed by the E. coli Kdo transferase under the same conditions (Fig. 1, lane 2) . The data show that WaaA Bp can utilize CMP-Kdo in the same fashion as other Kdo transferases tested previously (WaaA Ec , WaaA Ct , and WaaA Hi ) (3, 4, 8, 23) and that WaaA Bp is monofunctional, transferring only a single Kdo residue to lipid IV A . Only the monofunctional, Kdo transferase activity is present in N2.8C, and this activity alone is sufficient to support growth of E. coli.
Analysis of the LPS phenotype. To investigate the effect on E. coli of relying on WaaA Bp for Kdo transfer, the LPSs of N2.8C, CJB26, MC1061, and NEB1 were extracted and analyzed by silver-stained tricine-SDS-PAGE. This revealed that N2.8C synthesizes LPS which is distinct from that of the other strains (Fig. 2) . LPSs from MC1061 and CJB26 were identical, as expected, and produced two bands in the gel (Fig. 2, lanes 1  and 2) . NEB1 also produced these bands as well as a third, faster-migrating band (Fig. 2, lane 3) . N2.8C LPS appears as two bands, very close together, between the two lower bands observed in NEB1 (Fig. 2, lane 4) and migrating slower than Re-chemotype LPS produced by X711 (5) (Fig. 2, lane 5) . If N2.8C produces LPS with a structure consisting of Kdo-lipid A, this LPS might be expected to migrate faster than that of X711. These results suggest that this is not the case and that the Kdo-lipid A is further substituted, given that the core oligosaccharide usually extends from the inner Kdo in E. coli. On the other hand, the observed extension might be a consequence of B. pertussis waaC, encoding heptosyltransferase I, being introduced together with waaA Bp on pSK2.8C. It is possible that WaaC Bp is competing with WaaC Ec to add heptose to the Kdo-lipid A being synthesized in N2.8C, given that Kdolipid A is a less adequate substrate for WaaC Ec than Kdo 2 -lipid A (13) . A full understanding of the N2.8C LPS will require a definitive structural analysis.
Temperature-sensitive growth of N2.8C. The effect of synthesizing LPS containing one, two, or three Kdo residues on the growth of E. coli was investigated by determining the growth rates of N2.8C, MC1061, CJB26, and NEB1 at three different temperatures: 28, 37, and 42°C (Fig. 3) .
MC1061 was grown from a single colony in LB broth containing streptomycin at 28°C with shaking at 160 rpm to an OD 600 of 1. CJB26, NEB1, and N2.8C were grown in LB medium containing streptomycin, tetracycline, and kanamycin. Sufficient culture was used to inoculate 100 ml of prewarmed LB medium supplemented with streptomycin, to an OD 600 of ϳ0.001 (5 ϫ 10 5 cells/ml), and was incubated at 28, 37, or 42°C with shaking at 160 rpm. The growth rate was determined by performing viability counts every hour.
MC1061 grew exponentially at all three temperatures, reaching a maximum cell density of 6 ϫ 10 9 CFU/ml. CJB26 and NEB1 grew slower than MC1061 at 28 and 37°C and grew poorly or not at all at 42°C. This result differs from data previously obtained where NEB1 grew at elevated temperatures, albeit less well than MC1061 (2). The reason for this difference is unknown, but differences in the protocols for performing the respective growth curves may play a role. For example, in the previous study, the growth curve was started with a culture at an OD 600 of 0.2, whereas in this study, the growth curve was started with a culture at an OD 600 of 0.001. Also, in the previous study, the cultures were intermittently back-diluted, whereas in this study, no back-dilution was performed and the growth curve was derived simply from sampling aliquots at different times and performing viability counts.
N2.8C grew slowly but steadily at 28°C, reaching a cell density of 5 ϫ 10 8 CFU/ml after 27 h, which is equivalent to the level of NEB1 attained. However, at 37°C growth was dramatically reduced, while at 42°C no viable N2.8C cells were recovered after 5 h (Fig. 3 ). This suggests that N2.8C may be accumulating LPS precursors that are toxic at high concentrations and so inhibit normal growth. The transfer of heptose or the incorporation of laurate into Kdo-lipid IV A may be limited.
It is interesting that the bacteria with the complemented mutation observed under the electron microscope appear to have an altered morphology (data not shown; pictures available on request). Scanning electron microscopy revealed that the surfaces of NEB1 and N2.8C were rough in comparison to the parental strain MC1061. In addition, the surface of N2.8C appeared to be indented, a trait which was observed neither in the parental strain nor in NEB1. Considerable variations in cell length were also observed for NEB1 and N2.8C cultures. Transmission electron microscopy was performed to visualize the physical state of the cell envelopes. MC1061 and NEB1 had cell envelopes which appeared intact and periplasmic regions with constant widths throughout. The cell envelopes of N2.8C appeared less consistent, showing dissociations of outer and inner membranes.
In conclusion, we have shown that waaA Bp encodes an enzyme capable of transferring only a single Kdo residue to the growing LPS molecule. In addition, this gene is sufficient to complement an E. coli waaA mutation, but the bacteria with the complemented mutation are not as robust as wild-type E. coli in terms of growth at elevated temperatures. This is reflected in the morphology of the bacteria with the complemented mutation, which appears to indicate that the outer cell membrane is not as well formed as that of wild-type E. coli.
